We examined the immune response of mice to b-lactoglobulin (BLG), a potent milk allergen, after continuous feeding of a BLG solution or milk instead of drinking-water. Strong suppression of the anti-BLG antibody response and antigen-speciˆc T cell response were observed in mice fed BLG and milk. Although the proˆle of the antibody speciˆcity to BLG peptides in mice fed BLG or milk was diŠerent from the control, the dominant determinants were still recognized and a limited number of new recognition sites appeared by BLG or milk feeding. Theseˆndings suggest that continuous feeding with BLG or milk not only induced tolerance in the periphery, but also priming. In terms of the antigen-speciˆc IgG subclass response, the production of both IgG1 and IgG2a was signiˆcantly reduced. The cytokine secretion of interleukin (IL)-2, IFN-g and IL-10 was also reduced in the culture supernatants of lymph node cells from the mice fed BLG. The results indicate that the continuous feeding of BLG or milk induces suppression of both Th1-and Th2-dependent responses. This may re‰ect a state of oral tolerance induced by food ingestion.
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The oral administration of an antigen results in suppression of the antigen-speciˆc immune response, which is termed oral tolerance. The mechanisms have been extensively investigated with various antigens in several animal models, 1) and it has been reported that the antigen dose, structure of the antigen, and age of the host were important factors in the induction of oral tolerance. 2) In particular, the dose-dependency of the fed antigen is a key to solve the mechanism of oral tolerance. Namely, a high dose of an oral antigen is mainly associated with the induction of clonal T cell anergy 3) or deletion, 4) whereas a low dose of an antigen induces regulatory T cells producing suppressive cytokine such as interleukin (IL)-10 or transforming growth factor-b (TGF-b). [5] [6] [7] However, these studies have been mostly performed with a single large dose or repeated small doses of the fed antigen, and few studies with a continuous feeding regimen simulating food ingestion have been done. 8, 9) In the present study, we examined in mice the eŠects of the continuous administration of a blactoglobulin (BLG) solution or milk instead of drinking-water on the systemic immune responses, including the antibody response to BLG, in vitro antigen-speciˆc T cell response and cytokine secretion from lymph node or Peyer's patch cells. We demonstrate that continuous feeding of a BLG solution or milk signiˆcantly reduces the antibody response and T cell proliferation to BLG, and induces the suppression of both Th1-and Th2-dependent responses. We also found that the epitope speciˆcity of BLGspeciˆc antibodies from mice fed BLG or milk was markedly diŠerent from the controls.
Materials and Methods
Mice. Female BALB W c mice were purchased from Charles River Japan (Tokyo). The mice were used at 6-8 weeks of age. All experimental animals received humane care as outlined in the guide for the care and use of experimental animals (Animal Care Committee, National Institute of Livestock and Grassland Science).
Antigens and synthetic peptides. Bovine BLG (a genetic variant of A) was prepared from fresh raw skim milk of a Holstein cow on our dairy farm and puriˆed by ion-exchange chromatography on DEAESephacel (Pharmacia, Uppsala, Sweden) as previously described. 10) Crude bovine BLG (kindly presented by Meiji Milk Products Co. Ltd., Tokyo, Japan) and fresh raw milk from Holstein cows were used for feeding. Sixteen overlapping peptides of BLG were synthesized by the solid-phase method and puriˆed by HPLC as described previously.
11) These synthetic peptides correspond to the following partial sequences of BLG (162 residues Feeding and immunization. The mice were continuously fed a 0.3z BLG solution (0.3 W BLG), 3z BLG solution (3 W BLG) or raw milk instead of drinking-water for 8 weeks in the experiments on antibody response, and for 4 weeks in the T cell proliferation assay. In an experiment on T cell response, the mice were fed the BLG solutions for 1 week. The daily average intake of 0.3 W BLG, 3 W BLG and milk was 4.8±0.3, 4.5±0.4 and 6.3±0.5 ml per mouse, respectively. In order to examine the antibody response, the mice were intraperitoneally immunized with 40 mg of BLG in saline emulsiˆed with an equal volume of complete Freund's adjuvant containing Mycobacterium tuberculosis H37Ra (CFA, Difco, Detroit, MI, U.S.A.) on day 7 after the initial feeding, and were subsequently immunized with 40 mg of BLG emulsiˆed in incomplete Freund's adjuvant (IFA, Difco, Detroit, MI, U.S.A.) on days 21, 35 and 49. The mice were bled 7 days after each immunization, and the antisera were stored individually at "809 C until needed for the assays. To determine the T cell response, the mice were immunized with 40 mg of BLG emulsiˆed in CFA at the base of tail and the hind footpads on day 14 or 21 after the initial feeding.
T cell proliferation assay. The T cell proliferation assay was performed as previously described.
11) Brie‰y, 7 days after immunization, the draining lymph nodes (LNs) were aseptically removed, and Peyer's patches (PPs) were carefully separated from the small intestine. A single-cell suspension was prepared byˆltering LN or PP cells through a nylon mesh. The cells (2×10 5 cells W well) were cultured in 96-well round-bottom plates (Falcon 3077, Becton Dickinson, Franklin Lakes, NJ, U.S.A.) in RPMI-1640 (Gibco, Grand Island, NY, U.S.A.) containing 50 mM 2-mercaptoethanol, 10 mM HEPES, 100 U W ml of penicillin, 100 mg W ml of streptomycin and 1z syngeneic normal mouse serum in the presence of the protein antigens (20-160 mg W ml) or the synthetic peptides (20- Measurement of speciˆc antibodies to BLG by ELISA. Microtiter plates (Maxisorp; Nunc, Roskilde, Denmark) were coated with 0.01z BLG or 0.02z synthetic peptides in phosphate-buŠered saline (PBS) at pH 7.4 overnight at 49 C. The wells were washed with PBS containing Tween 20 (PBST) and blocked with 1z ovalbumin in PBS for 2 h at room temperature. After washing, the samples were subsequently added and incubated overnight at 49 C. The wells were washed and treated with goat anti-mouse IgG (H+L) conjugated with alkaline phosphatase (Jackson ImmunoResearch Laboratories, West Grove, PA, U.S.A.) in PBST for 2 h at 379 C. In some experiments, the wells were incubated with biotinylated goat anti-mouse IgG1 or anti-mouse IgG2a (Southern Biotechnology Associates, Birmingham, AL, U.S.A.) in PBST for 1 h and subsequently with avidin-alkaline conjugate (Jackson ImmunoResearch Laboratories) in PBST for 30 min at room temperature. After washing, 0.1z pnitrophenylphosphate in a 1 M dietanolamine-HCl buŠer at pH 9.8 was added as a substrate. Thirty minuets later, the reaction was stopped by adding 25 ml of 5 M NaOH, and the absorbance was read at 405 nm with a microplate reader (model 3550, BioRad, Hercules, CA, U.S.A.).
Measurement of the in vitro cytokine production by ELISA. LN and PP cells (2×10 6 cells W well) were cultured in 24-well plates (Falcon 3047, Becton Dickinson, NJ, U.S.A.) in RPMI-1640 containing 50 mM 2-mercaptoethanol, 10 mM HEPES, 10 U W ml of penicillin, 100 mg W ml of streptomycin and 5z FCS in the presence of BLG (50 mg W ml) . The cell culture supernatant was collected at 20 h for IL-2, and at 72 h for IL-10 and interferon-g (IFN-g). The cytokine levels were measured by using commercial ELISA kits (Pharmingen, San Diego, CA, U.S.A.).
Statistical analysis. The statistical signiˆcance of diŠerences between experimental groups was determined by using the Mann-Whitney U-test.
Results

Suppression of the antibody response to BLG by continuous feeding of the BLG solutions or milk
It has been reported that the oral administration of a single high dose of an antigen or multiple low doses of the antigen successfully induced tolerance. In the present study, we also found that the continuous Mice were fed a 0.3z or 3z BLG solution or raw fresh milk for 8 weeks and were then intraperitoneally immunized with 40 mg of BLG in CFA 7 days after the initial feeding. The mice were subsequently immunized with BLG in IFA on days 21, 35 and 49 and bled 7 days after each immunization. The amounts of the anti-BLG speciˆc antibodies were tested by ELISA. The antisera used in the assay were pooled sera from 7 mice in each group and diluted 1 W 10000. Arrows show the day of immunization. Mice were fed a 0.3z or 3z BLG solution or raw fresh milk for 8 weeks and were then intraperitoneally immunized with 40 mg of BLG in CFA 7 days after the initial feeding. The mice were subsequently immunized with BLG in IFA on days 21, 35 and 49. The sera were collected 7 days after theˆnal immunization and tested by ELISA. Results present the values of individual mice, and the bars show the mean value. *indicates pº0.05, ** pº0.025, and ***pº0.005 compared to the control. feeding of the BLG solutions or fresh raw milk instead of drinking-water for 8 weeks, simulating normal food ingestion, suppressed the antibody response to BLG. The results presented in Fig. 1 show that the anti-BLG speciˆc antibody response was signiˆcantly suppressed in mice fed 0.3 W BLG, 3 W BLG or milk in contrast to that of the controls. After 56 days of the initial feeding, the anti-BLG speciˆc antibody titers of mice fed 0.3 W BLG, 3 W BLG and milk were 25z, 16z and 10z of the controls, respectively.
An antibody isotype proˆle serves as a relative indicator of murine helper T cell subset activity in vivo. 12, 13) Next, we examined the BLG-speciˆc IgG1 (Th2-dependent) and IgG2a (Th1-dependent) antibody responses in mice 7 days after theˆnal immunization. The level of BLG-speciˆc IgG1 antibodies was signiˆcantly lower in the mice fed 0.3 W BLG, 3 W BLG and milk than in the control mice ( Pº0.025, Pº0.005, and Pº0.005, respectively; Fig. 2A ). The production of BLG-speciˆc IgG2a antibodies was also lower, especially by the mice fed milk ( Pº0.05; Fig. 2B ).
Proˆle of the antibody speciˆcity to BLG peptides Figure 3 shows the epitope speciˆcity of BLGspeciˆc antibodies from mice fed BLG solutions or milk. We have demonstrated that the dominant epitopes of BALB W c mice were in residues 22-36 and 149-162 of the BLG sequence (Kurisaki et al., in manuscript preparation). Theˆne speciˆcity of the BLG-speciˆc antibodies was quite diŠerent for each group. The sera from mice fed 0.3 W BLG could not react with dominant epitope peptide p149-162, but could with p22-36, and no marked binding to other peptides than p42-56 was apparent (Fig. 3B ). In contrast, the sera from mice fed 3 W BLG or milk presented the highest binding activity to p52-66 and p42-56, respectively (Figs. 3C and D) , and still reacted slightly with p22-36.
To examine the time-course characteristics of the changes in theˆne speciˆcity of BLG-speciˆc antibodies, we measured the amount of speciˆc antibodies to p22-36, p42-56 and p52-66 in their sera at twoweek intervals. Although the sera from mice fed 0.3 W BLG reacted more strongly with p22-36 than the controls on day 28 after the second immunization, the amount of the antibodies did not increase as much thereafter than in the controls (Fig. 4A) . On the other hand, the amount of the antibodies to p42-56 markedly increased in the sera from mice fed milk by repeated immunization (Fig. 4B) . The amount of the antibodies to p52-66 increased with 3 W BLG feeding after the third immunization, but that of the control antibodies did not increase at all until the end of the examination (Fig. 4C) .
T cell response to BLG and dominant T cell epitope peptides
The BLG-speciˆc proliferation of LN cells was signiˆcantly lower in the mice fed 0.3 W BLG, 3 W BLG and milk (Fig. 5) . These results are similar to those of the antibody responses in all the fed groups. The T cell response to dominant T cell epitope peptides p62-76 and p139-154 in the BALB W c (H-2d) mice was also signiˆcantly inhibited in all the fed groups (Fig. 6) . However, we observed that LN cells from the mice fed BLG and milk slightly responded to some of the peptides of BLG which were not dominant (Fig. 7) . The T cell response to BLG in PP cells from mice fed BLG was also less as with the LN cells (Table 1) .
Cytokine production by LN and PP cells from mice fed BLG
To further investigate the T cell response, we measured the cytokine secretion of culture supernatants of LN and PP cells. The results show that the levels of IL-2, IFN-g and IL-10 secretion were reduced in LN cells derived from the mice fed 0.3 W BLG and 3 W BLG for 7 days (Table 1 ). In contrast, the levels of IFN-g and IL-10 in PP cells were higher than in the controls, although the T cell proliferation to BLG was signiˆcantly lower (Table 1) .
Discussion
Oral tolerance, which is the antigen-speciˆc unresponsiveness induced by the oral administration of an antigen, is an important feature of the immune system of healthy people to enable the ingestion of required nutrients without provoking an adverse immune response to harmless antigens such as food proteins or microorganisms in normal gut ‰ora. It is therefore important to make clear the mechanism of oral tolerance to maintain good health and to prevent food allergy. However, past studies of oral tolerance have mainly been performed by single or multiple feeding regimens, and there have been few reports on the molecular immunological events against food antigens in the oral tolerance induced by food. In the present study, we examined the immune response to BLG in BALB W c mice after continuous feeding of BLG and milk instead of drinking-water, since the method of antigen administration re‰ects food ingestion. Previous studies of oral tolerance to BLG have been reported by oral administration of BLG, whey protein, whey hydrolysate formulas or milk powder.
14-16) However, there has been no investigation of the changes of antigen recognition sites on BLG at the induction of oral tolerance. We therefore tested that the eŠects of feeding a 0.3z and 3z BLG solution and milk on the antibody response to BLG and we then examined theˆne speciˆcity of BLG after feeding BLG and milk.
The results in Fig. 1 show that the BLG-speciˆc an- Mice were fed BLG solution for 7 days, and subsequently immunized with BLG in CFA at the base of tail and the hind foodpads. Lymph node (LN) cells and Peyer's patch (PP) cells from mice fed BLG solution were cultured with 50 mg W ml of BLG in vitro. tibody responses were signiˆcantly suppressed by all three continuous feeding regimens. With regard to the dose, the amount of BLG-speciˆc antibodies in the mice fed 3 W BLG was less than that in the mice fed 0.3 W BLG after theˆnal immunization. However, the amount of BLG-speciˆc antibodies on milk feeding was lower than that on 3 W BLG feeding, although the BLG concentration is about 0.3z in milk, which indicates there may be eŠective factors in milk for inducing oral tolerance to BLG. A similar action might be involved in normal food ingestion.
In order to understand the mechanism for the immune response to an antigen, it is important to know molecular information about the recognition sites on the antigen. There have been some studies on epitope mapping of such food antigens as milk [17] [18] [19] and egg allergenic proteins 20) which often cause allergies in infants. The results of our study indicate that the epitope speciˆcity to BLG in mice fed BLG and milk was diŠerent from the controls. However, the dominant antigenic region, residues 22-36, was recognized in all cases (Fig. 3) . In particular, the sera from mice fed 0.3 W BLG gave the highest response to p22-36 as well as control, in spite of the lower total antibody titer to BLG. On the other hand, there were a limited number of new recognition sites, region 42-56 with 0.3 W BLG and milk, and region 52-66 with 3 W BLG. These results indicate that the antigenspeciˆc antibody response to the dominant regions was not equally suppressed and, furthermore, there were a limited number of new regions recognized by continuous feeding with the antigen. Thus, the dose of the antigen represents an important factor regulating the epitope speciˆcity through priming and suppression by the antigen. In the course of their studies on oral tolerance to milk casein, Kim et al. and Hachimura et al. have reported that the speciˆc antibody response elicited by the casein diet was directed towards only limited determinants. 21, 22) We have shown here that not only some of the major epitopes escaped oral tolerance, but also the dose of the antigen strongly aŠected the epitope speciˆcity. It was also noted that the similar dose of BLG from 0.3 W BLG and milk feeding caused a diŠerent immune response in respect of the antibody speciˆcity to BLG. Again, it is suggested that milk contains something to modify the immune response to BLG. The digestibility of a fed antigen in the gut may also aŠect antigen recognition. In other words, fragments of diŠerent sizes from BLG may be produced depending on the fed dose of BLG or milk in the gut, which may cause diŠerent BLG-speciˆc immune responses. However, further experiments are required to investigate this.
In regard to T cell recognitions, the results show that the T cells from the BLG-and milk-fed mice did not react with the dominant T cell epitope peptides (Fig. 6 ) and responded slightly to other peptides of BLG. The representative results for these peptides are shown in Fig. 7 . Our results are similar to those in other reports of the T cells speciˆc for dominant determinants being easily tolerized, while those reactive to subdominant and cryptic determinants escaped oral tolerance. 22, 23) These primed T cells may play an active role in the induction of oral tolerance.
Cytokines play an important role in T cell diŠeren-tiation, and re‰ect the status of oral tolerance. IFN-g and IL-2 are secreted by Th1 cells and associated with cell-mediated immunity, whereas IL-4, IL-5, IL-10 and IL-13 are secreted by Th2 cells and associated with antibody response. The amounts of BLG administered to the mice in our study were clearly high doses, approximately 15 mg W day and 135 mg W day in 0.3 W BLG and 3 W BLG, respectively, which suggests that the T cells from mice fed BLG or milk could be anergic. Expectedly, the levels of IL-2, IFN-g and IL-10 were lower in the culture supernatants of LN cells from mice fed BLG. We also found that the BLG-speciˆc IgG1 and IgG2a antibodies from mice fed BLG or milk were signiˆcantly lower. These results suggest that the continuous feeding regimen used in our study eŠectively induced Th2 tolerance, and that this feeding regimen could be used for treating those diseases mediated by Th2 cells. Melamed et al. have reported that the continuous feeding of ovalbumin (OVA) tolerized Th1 and Th2 responses, and that the administration of OVA (8 mg W day) by an intermittent feeding regimen for 20 days did not lead to Th2 tolerance, while the identical antigen dosage administered ad libitum in drinking water did. 9) We have shown here that short-term (7 days) ad libitum feeding of BLG could also induce Th1 and Th2 tolerance. This indicates that peripheral tolerance in the Th1 and Th2 responses may be induced even by a short-term (within a week) continuous feeding regimen.
We have reported in our previous studies that IL-10-secreting regulatory cells were induced in PP from mice fed a low dose of BLG (1 mg×5). 24) On the other hand, Marth et al. have reported that extremely high-dose feeding of OVA (7×250 mg) or continuous feeding (5 mg daily in drinking water over a 12-week period) actively suppressed the immune response by the production of TGF-b and IL-10. 25) In the present study, we also found an increased level of IL-10 in PP cells from mice continuously fed the BLG solutions. Moreover, we observed high levels of IFN-g in PP cells from BLG-fed mice. These results suggest that priming and suppression simultaneously occurred in the gut with our feeding regimen.
We have shown that oral tolerance to BLG in mice was induced by continuous feeding of BLG solution or milk. We also found out that the continuous feeding of BLG induced the suppression of antigenspeciˆc IgG1 and IgG2a production and of IL-2, IFN-g and IL-10 secretion in LN cells, indicating that this feeding regimen inhibited both the Th1-and Th2-dependent responses to BLG. Although the proles of the antibody speciˆcity to BLG peptides in the mice fed BLG and milk were diŠerent from the control, the dominant determinants were still recognized and a limited number of new recognition sites appeared from BLG or milk feeding. Theseˆndings suggest that continuous feeding of an antigen could induce both Th1 and Th2 tolerance in the periphery, and also priming by the antigen. The control of the balance of tolerance and priming in the gut might be important factors for preventing an adverse reaction to food antigens.
